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$(\alpha<0)$ “$\mathrm{c}\mathrm{y}\mathrm{c}$] $\mathrm{o}\mathrm{n}\mathrm{i}\mathrm{c}$” $\text{ }$ , 90
$(\alpha>0)$ “.anti-$\mathrm{c}\mathrm{y}\mathrm{c}]_{\mathrm{o}\mathrm{n}}\mathrm{i}_{\mathrm{C}}$”
$\mathrm{B}_{\mathrm{u}\mathrm{g}}$ . ‘.11 $1\cup \mathrm{w}4\cup 1111\epsilon^{\mathrm{u}}1a\mathrm{b}\iota\cup 11a\iota 1\mathrm{L}\mathrm{l}\mathrm{b}\cup\cup \mathrm{l}\mathrm{u}\iota 11a\mathrm{b}\mathrm{c}\mathrm{s}J\circ\iota \mathrm{c}1\iota\iota$
.
$x$ $y$ $u$ $v$ .
$u=u’+\alpha y$ , $v=v’$ . (2.1)
$\omega_{x}$ $=$ $\partial_{yz}w-\partial v’=\partial_{y}w$, (2.2)
$\omega_{y}$ $=$ $\partial_{z}(u’+\alpha y)-\partial xw=-\partial lw$ , (2.3)
$\omega_{z}$ $=$ $\partial_{x}v’-\partial_{\nu}(u+\alpha y)J=\omega_{z}’-\alpha$ (2.4)
. , $w$ $z$ , $\omega_{zy}’=\partial_{l}v’-\partial u$’ $z$ .
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$z$ – , Navier-Stokes $z$
$\partial_{t}\omega-\frac{\partial(\psi,\omega)}{\partial(x,y)}+\alpha y\partial_{l}\omega$ $=$ $\nu(\partial_{l^{+}}^{2}\partial_{y}2)\omega$ (2.5)
$\partial_{t}w-\frac{\partial(\psi,w)}{\partial(x,y)}+\alpha y\partial xw$ $=$ $\nu(\partial_{l^{+}}^{2}\partial_{y}2)w$ (2.6)
, $\omega$ ( $\omega_{z}’$ $\omega$ ) $w$ . , $\nu$ , $\psi$
.
$u’=\partial_{y}\psi$ , $v’=-\partial_{x}\psi$ , $\nabla^{2}\psi=-\omega$ . (27)
$1/\beta$ . $\delta=\sqrt{\nu}/\beta$ ,
$t^{*}=\beta t,$ $x^{*}=x/\delta,$ $y^{*}=y/\delta,$ $\psi^{*}=\psi/\Gamma,$ $\omega^{*}=\omega/(\Gamma/\delta^{2}),$ $w^{*}=w/(\beta\delta)$ (2.8)
. , $\psi$ $\omega$ $\Gamma$
. (2.5) (2.6) , $*$
$\partial_{t}\omega-R_{\Gamma^{\frac{\partial(\psi,\omega)}{\partial(x,y)}+}}\lambda y\partial_{x}\omega$ $=$ $(\partial_{l^{+}}^{2}\partial_{y}2)\omega$ (2.9)
$\partial_{t}w-R\mathrm{r}\frac{\partial(\psi,w)}{\partial(x,y)}+\lambda y\partial xw$ $=$ $(\partial_{x}^{2}+\partial_{y}2)w$ (2.10)
.
$R_{\Gamma}=\underline{\Gamma}--$ (2.11)
IS Reynolds $\text{ }$,
$\lambda=\frac{\alpha}{\beta}$ (2.12)
. , $(\lambda\ll 1)$
(2.9) (2.10) .
3 $\lambda\ll 1$
, $(r, \theta)$ ($x=r$ coe $\theta,$ $y=f\sin$ , $(\lambda\ll 1)$
$\omega$ $=$
$\omega\langle 0$) $+\lambda\omega(1)+\lambda^{2}\omega^{\mathrm{t}}2)+\cdots$ (31)
$w$ $=$
$w+\langle 0$) $\lambda w(1)+\lambda^{2}w+(2)\ldots$ (32)




$\lambda^{1}$ : $\partial_{t}\omega-(1)R\mathrm{r}\frac{1}{r}\frac{\partial(\psi^{\mathrm{t}^{0}})\omega\langle 1))}{\partial(r,\theta)},-R\Gamma^{\frac{1}{r}}\frac{\partial(\psi^{\langle 1)},\omega \mathrm{t}0))}{\partial(r,\theta)}+L_{1}\omega(0)=L0\omega(1)$, (3.4)
$w$
$\lambda^{0}$ : $\partial_{t}w^{\mathrm{t}^{0}}\rangle$ $-R_{\Gamma} \frac{1}{r}\frac{\partial(\psi^{(0)},w^{\mathrm{t}^{0})})}{\partial(r,\theta)}=L0w(0)$ , (3.5)
$\lambda^{1}$ : $\partial_{t}w^{\langle 1)’(0)}-R_{\Gamma^{\frac{1}{r}}}\frac{\partial(\psi^{()}0w(1))}{\partial(r,\theta)}-R_{\Gamma^{\frac{1}{r}}}\frac{\partial(\psi^{(1)},w(0))}{\partial(r,\theta)}+L_{1}w=L0w^{\langle}1$) (3.6)
.
$L_{0}$ $=$ $\partial_{r}^{2}+\frac{1}{r}\partial_{r}+\frac{1}{r^{2}}\partial_{\theta}^{2}$ , (3.7)
$L_{1}$ $=$ $\frac{1}{2}(r\sin 2\theta\partial, +\cos 2\theta\partial_{\theta}-\partial_{\theta})$. (3.8)
135
$\lambda^{0}$ Pearson&&Abernathy Moore (1985) – , $\lambda^{1}$





$=$ $\frac{1}{4\pi t}\mathrm{e}^{-\frac{r^{2}}{4t}}$ , (3.9)





. , $\eta=r/(2\sqrt{t})$ . (3.11) (3.5)
$F”+(2 \eta+\frac{3}{\eta})F’+\mathrm{i}\frac{R_{\Gamma}}{2\pi}\frac{1-\mathrm{e}^{-\eta^{2}}}{\eta^{2}}F=0$ (3.12)
. , $\eta=0$ $rF(\eta)$ , $F1\infty$ ) $=1$ .
$R_{\Gamma}/(2\pi)=1,10,50,100$ (3.12) . (2.2) (2.3)
$\omega_{x}^{(0)}$ $=$ Real $[F( \eta)+\frac{\eta}{2}F’(\eta)(1-\mathrm{e}^{-\mathrm{i}2})\theta]$ (3.13)
$\omega_{y}^{(0)}$ $=$ Imag $[F( \eta)+\frac{\eta}{2}F’\langle\eta)11+\mathrm{e}^{-\mathrm{i}2\theta})]$ (3.14)
. 41 . $x$ ,
$y$ , $z$ . $R_{\Gamma}/\langle 2\pi$ ) $=1$ $((\mathrm{a}))$ .
, 7% . Reynolds \langle
((b). (c), $(\mathrm{d})$ ), ,
. $R_{\Gamma}$ \langle $((\mathrm{c}), (\mathrm{d}))$ , $(x, y)$ 2,
4 . – , $((\mathrm{c}). (\mathrm{d}))$ . \langle
, (Moore 1985) .
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(3.4) (3.9) (3.10) , (2.7)
$- \partial_{\iota}\nabla^{2}\psi^{()}1+R\Gamma\frac{1}{r}(\partial_{\gamma}\psi(0)\partial\theta\nabla^{2}\psi(1)+\partial_{\theta}\psi^{\mathrm{t}1})\partial_{r}\omega^{\mathrm{t}0}))+\frac{1}{2}r\sin 2\theta\partial r\omega^{\mathrm{t}^{0}})=-\nabla 4\psi^{(}1)$ $\langle$3.15)
.
$\psi^{(1)}=\frac{\iota}{\pi}$ Real $[g(\eta)\mathrm{e}^{-\mathrm{i}}]2\theta$ (3.16)
,
$g^{\mathrm{i}\mathrm{v}}$ $+$ $(2 \eta+\frac{2}{\eta}\mathrm{I}^{g^{m}+}(2-\frac{9}{\eta^{2}})g’’-(\frac{10}{\eta}-\frac{9}{\eta^{3}})g+’\frac{16}{\eta^{2}}g$
$+$ $\mathrm{i}\frac{R_{\Gamma}}{\pi}[\frac{1-\mathrm{e}^{-\eta^{2}}}{\eta^{2}}(g’’+\frac{1}{\eta}g’-\frac{4}{\eta^{2}}g)+4\mathrm{e}^{-\eta^{2}}g]=\mathrm{i}4\eta^{2}\mathrm{e}^{-\eta}2$ (3.17)
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. , $\eta=0$ $tg(\eta)$ , $tg(\infty)=0$ .
$\psi^{(1)}$ $x$ $y$ (2.7)
$u^{J(1)}$
$=$ $\frac{t}{\pi}$ Imag $[( \frac{1}{r}g(\eta)-\frac{1}{4\sqrt{t}}g’(\eta))\mathrm{e}-\mathrm{i}3\theta+(\frac{1}{r}g(\eta)+\frac{1}{4\sqrt{t}}g’(\eta))\mathrm{e}^{-\mathrm{i}\theta]},$ (3.18)
$v^{J(1)}$
$=$ $\frac{t}{\pi}$Real $[( \frac{1}{r}g(\eta)-\frac{1}{4\sqrt{t}}g’(\eta))\mathrm{e}-\mathrm{i}3\theta-(\frac{1}{r}g(\eta)+\frac{1}{4\sqrt{t}}g’(\eta))\mathrm{e}^{-\mathrm{i}\theta]}$ (3.19)
. 42 (3.17) (3.18) (3.19) $R_{\Gamma}/(2\pi)=1,10,50,$ 100
( 42(c), (d) 41 43 (c), (d)
). $\lambda$ $t$ , $\lambda$ cyclonic
, . 4 , Reynolds
4 . 4 $R_{\Gamma}=0$
$\infty$ $\frac{1}{4}\pi$
$\langle$ (Moffatt, Kida&Ohkitani 1994). $R_{\Gamma}$ $((\mathrm{c}), (\mathrm{d}))$ , $(x, y)$
1, 3 , 2, 4 .




$w^{(1)}=rt$ Real $[G_{3}(\eta)\mathrm{e}^{-\mathrm{i}3}\theta+G_{1}(\eta)\mathrm{e}^{-}\mathrm{i}\theta]$ (3.20)
, (3.6)
$G_{3}’’$ $+$ $(2 \eta+\frac{3}{\eta})G_{3^{-}}’4(1+\frac{2}{\eta^{2}})G_{3}+\mathrm{i}3\frac{R_{\Gamma}}{2\pi}\frac{1-\mathrm{e}^{-\eta^{2}}}{\eta^{2}}c_{3}=-\frac{2}{\eta}\xi(\eta)$, .(3.21)
$G_{1}’’$ $+$ $(2 \eta+\frac{3}{\eta})G_{1^{-}1}’4G+\mathrm{i}\frac{R_{\Gamma}}{2\pi}\frac{1-\mathrm{e}^{-\eta^{2}}}{\eta^{2}}G_{1}=-\frac{2}{\eta}\zeta(\eta)$ (3.22)
.
$\xi(\eta)$ $=$ $[ \frac{R_{\Gamma}}{2\pi}A(\eta)+P(\eta)+\mathrm{i}(\frac{R_{\Gamma}}{2\pi}B\langle\eta$) $+Q(\eta))]$ , (3.23)
$\zeta(\eta)$ $=$ $[ \frac{R_{\Gamma}}{2\pi}C(\eta)+R(\eta)+\mathrm{i}(\frac{R_{\Gamma}}{2\pi}D\langle\eta$) $+s(\eta))]$ (3.24)
, $A(\eta),B(\eta),$ $c(\eta),$ $D(\eta)$ $P(\eta),$ $Q(\eta),$ $R(\eta),s(\eta)$
$A(\eta)$ $=$ $\frac{1}{2}(F_{Rg_{R^{-F}}’I}g’I)+(F_{I}’g_{I}-F_{R}’gR)+\frac{1}{\eta}(F_{Ig_{I}}-F_{R}g_{R})$ , $\langle$325)
$B(\eta)$ $=$ $\frac{1}{2}\mathrm{t}F_{Rg_{tIg_{R}}’}+F’)-\mathrm{t}F’gtR+F’RgI)-\frac{1}{\eta}1F_{Ig}R+FRg_{I})$, (326)
$C(\eta)$ $=$ $\frac{1}{2}(p_{R}g_{R}’+p_{Ig_{I}’})+(F_{I}’gI+F_{R}’g_{R})+\frac{1}{\eta}(p_{Rg_{R}}+F_{Rg_{R}})$ , (327)
$D(\eta)$ $=$ $\frac{1}{2}\mathrm{t}F_{Rg_{t}-F_{Ig’}}’)R-(F_{I}’gR-F’RgI)-\frac{1}{\eta}\langle FIg_{R}-F_{RgI}$), (328)
$P(\eta)$ $=$ $\frac{\eta^{2}}{2}F_{R}’$ , (3.29)
$Q(\eta)$ $=$ $\frac{\eta^{2}}{2}F_{I}’$ , (3.30)
$R(\eta)$ $=$ $- \frac{\eta^{2}}{2}F_{R}’$ , (3.31)
$S(\eta)$ $=$ $\frac{\eta}{2}\mathrm{t}4F_{I}+\eta p_{I}’)$ (3.32)
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. ,
$F_{R}$ $=$ Real $[F(\eta)]$ , $F_{I}=$ Imag $[F(\eta)]$ , (3.33)
$g_{R}$ $=$ Real $[g(\eta)]$ , $JI=$ Imag $[g(\eta)]$ (3.34)
. (3.21) (3.22) ,
$-21RA(\eta)+\mathrm{i}RB(\eta\rangle$ ] $/\eta$ , $-2[RC(\eta)+\mathrm{i}RD(\eta)]/\eta$ (3.35)
4 ,
$-2[P(\eta)+\mathrm{i}Q(\eta)]/\eta,$ $-2[R\{\eta)+\mathrm{i}S1\eta)]/\eta$ (3.36)
. $R_{\Gamma}$ , . (3.21)
(3.22) , $\eta=0$ $rtG_{3}(\eta),$ $rtG_{1}(\eta)$ , $rtG_{3}(\infty)=0$ . $rtc_{1()=}\infty \mathrm{o}$ .
(2.2) (2.3)
$\omega_{x}^{(1)}$ $=$ $t$ Imag $[G_{1}+ \frac{1}{2}\eta G_{1}+(2G_{3}+\frac{1}{2}\eta)\langle G_{3}’-G_{1}’)\mathrm{e}^{-}\mathrm{i}2\theta+(G_{3^{-\frac{1}{2}}}\eta G\prime 3)\mathrm{e}^{-\mathrm{i}4\theta}]$ , $\langle$3.37)
$\omega_{y}^{(1)}$ $=$ $-t$ Real $[G_{1}+ \frac{1}{2}\eta G_{1}+(2G_{3}+\frac{1}{2}\eta)(G_{3}’-^{c_{1}^{J})}\mathrm{e}-\mathrm{i}2\theta+(G_{3}-\frac{1}{2}\eta G’3)\mathrm{e}^{-}]\mathrm{i}4\theta$ (3.38)
. $R_{\Gamma}/(2\pi)=1,10,50,100$ $\langle$3.21). (3.22) ,
43 . 42 , $\lambda$
$t$ , $\lambda$ cyclonic ,
. $R_{\Gamma}/(2\pi)=1,10$ $((\mathrm{a}), \langle \mathrm{b}))$ , ,
leading-order ( 41(a), $(\mathrm{b})$ ) . , leading-order 4
( 42 $\langle \mathrm{a}$), $(\mathrm{b}))$ . . anti-cyclonic
leading-order , – cyclonic . $R_{\Gamma}$ $((\mathrm{c}). (\mathrm{d}))$ .
, , $(x, y)$ 2, 4 .
leading-order ( 41(c), $(\mathrm{d})$ ) . $R_{\Gamma}/(2\pi)=50,100$ , $R_{\Gamma}/(2\pi)=1,10$
, 4 . 2, 4 leading-order
, 4 leading-order
. , anti-cyclonic leading-order
, – cyclonic .
, anti-cyclonic cyclonic . ,
$\eta=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{S}\mathrm{t}$ . $\sqrt{\omega_{x}^{2}+\omega_{y}^{2}}$ $\omega_{\max}$ . 44 $t=1$ anti-
cyclonic $(\lambda=0.1)$ . neutral $(\lambda=0)$ cyclonic $(\lambda=-0.1)$ $\omega_{\max}$ .
Reynolds anti-cyclonic neutral , cyclonic .
, anti-cyclonic cyclonic neutral
( 45), neutral anti-cyclonic , cyclonic






(anti-cyclonic) . , cyclonic ,
anti-cyclonic .
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Fig 41Leading-order normal vorticity $(\omega_{x^{0}}^{()},\omega y)(0)$ to the vortex tube at
$(\mathrm{a})R/(2\pi)=1,(\mathrm{b})10,(\mathrm{C})50,\mathrm{a}\mathrm{n}\mathrm{d}(\mathrm{d})\mathrm{l}\mathrm{o}\mathrm{o}$ .
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Fig.4.4 maximum absolute $\mathrm{v}\mathrm{o}\mathrm{r}\mathrm{t}\mathrm{i}\mathrm{c}\mathrm{i}\mathrm{t}\mathrm{y}\sqrt{\omega_{x}^{2}+\omega_{y}^{2}}$ for $\eta$ at $(\mathrm{a})R/(2\pi)=1,(\mathrm{b})10,(\mathrm{C})50,\mathrm{a}\mathrm{n}\mathrm{d}(\mathrm{d})\mathrm{l}\mathrm{o}\mathrm{o}$ . solid line
denotes ’anti-cyclonic’,dotted line ’cyclonic’,and dashed line ’neutral’.
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$\mathrm{r}\iota \mathrm{e}$
Fig.4.5 Ratio of vorticity magnitude in cyclonic $(\lambda=-0.1)$ and anti-cyclonic $(\lambda=0.1)$ cases to that in
a neutral case $(\lambda=0)$ at the origin $\eta=0$ and at time $t=1$
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